This document is made available in accordance with publisher policies. Please cite only the published version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/about/ebr-terms This content has been downloaded from IOPscience. Please scroll down to see the full text. Abstract. We use Monte Carlo methods to simulate the influence of Brownian rotation on the magnetic properties of a system of single-domain magnetic nanoparticles with cubic and uniaxial magnetic anisotropies. The distinguishing feature of the system is a strongly temperature-dependent viscosity. Such a system has been realized experimentally using magnetic nanoparticles suspended in a freeze-concentrated cryoprotectant solution.
In this work we investigate magnetic phenomena related to the rotation of magnetic nanoparticles, by employing the Brown relaxation theory [1] , during the transition between frozen and unfrozen states of the system. We developed a computational method to calculate the magnetic properties related to this process. We consider a system composed of single-domain magnetic nanoparticles dissolved in a solvent that also contains a cryoprotectant. On freezing the solvent, a thin liquid layer consisting of solvent and freeze-concentrated cryoprotectant forms around each nanoparticle. The glass transition temperature of this liquid layer T g is lower than the freezing temperature of the solvent. In this way, while the solvent is already frozen, the freeze-concentrated cryoprotectant still permits nanoparticles to rotate.
Initially, the system is found in a temperature below T g , that is, without any rotational freedom. Increasing the temperature, the system passes through T g , so that the nanoparticles become completely free to rotate. This behavior was observed experimentally in Reference [2] , where magnetic measurements were used to monitor the behavior of single-domain magnetite nanoparticles doped with 2.5 % cobalt enclosed by the near-spherical cage protein ferritin (CMF) in a freezeconcentrated cryoprotectant solution.
In order to study this system through simulations we employed the Monte Carlo method along with the Metropolis algorithm. We calculate the energy of a new configuration of the system just after a small variation in the direction of the magnetic moment of a nanoparticle randomly chosen. Then, we compare this energy with the previous one to accept or not the new configuration of the system [3, 4, 5] . Besides this procedure we also included the change in energy due to the rotation of the nanoparticle in the viscous medium.
We consider a set of N non-interacting single-domain magnetic nanoparticles. We adopt the following effective energy model [3, 6, 7] 
where K ui = k u V i , and K ci = k c V i are the uniaxial and cubic anisotropies of a particle of volume V i , respectively. In this study the anisotropy density constants k u and k c are assumed to be both positive, and we also define the relative anisotropy parameter k uc = k c /k u . The volume V i of the i th particle is selected from a log-normal distribution. The magnetic moment of the i th particle is written as µ i = µ i S i , where S i is a unit vector, | S i |= 1, and µ i = m s V i , with m s the particle magnetization. In the above equation the vectors e ji (j = 1, 2, 3) are unit vectors parallel to the cubic axes of the i th particle. In the case of rotational Brownian motion we consider also the energy contribution E r
where η is the viscosity, r is the hydrodynamic radius and ω is the angular velocity. For a liquid whose temperature is close to the glass transition T g , the viscosity η can be described by the empiric equation of Vogel-Fulcher-Tammann (VFT) [8, 9, 10] 
where T 0 corresponds to a temperature for which η is very high, η 0 is a reference viscosity, and D is a constant which depends on the structure of the system [11] . Therefore, in our calculations we need to take into account the total energy E = E a + E r , that is, the magnetic and rotational energy contributions. Besides making a change in the direction of the magnetic moment of the nanoparticle, we also make a change in the direction of its magnetic easy axis. This is necessary in order to take into account the physical rotation of the nanoparticle in the viscous medium. After we change both directions, magnetic moment and easy axis, we compute the variation in the total energy ∆E. When ∆E < 0, both changes are accepted. On the other hand, if ∆E > 0, we generate a random number A, uniformly distributed between zero and one. If A < exp(−∆E/k B T ), the new configuration is accepted, if not, we keep the original configuration.
We consider a competition between the cubic and uniaxial anisotropies [15, 12, 13] as in the corresponding experimental CMF system. The size of the particles are selected from a log-normal distribution with mean value V 0 = 1 and standard deviation σ = 0.25, in agremeent with the experimental data [2, 12] .
In Fig. 1 we give the values of the reduced magnetization, which is defined by m = µH/K 0 , as a function of the reduced temperature t = k B T /K 0 , where K 0 = k u V 0 and the viscosity is η = 10 −12 exp[3/(t − 0.33)]. The open squares represent the non-aligned system (cooled to t = 0 at zero field), while the full squares represent the aligned system (cooled at t = 0, but in a strong magnetic field, h = 20). For the aligned system we do not observe a blocking temperature, and this is due to the fact that all the magnetic moments were already aligned in the direction of the applied field. Increasing the temperature, we observe a decrease in the magnetization. For the non-aligned case, we see that the magnetization increases with the temperature up to the blocking temperature. When t ≥ t b = 0.14, both systems, aligned and non-aligned, show a decrease in the magnetization as a function of temperature. However, the magnetization of the aligned system is always higher than the non-aligned one up to the temperature t = 0.45. Close to t = 0.45, the magnetization of the aligned system drops abruptally, assuming the same value as the non-aligned one. At this temperature, which we denote by T R , and which is three times larger than t b , the value of the viscous energy E r is close to the magnetic energy associated with the magnetic anisotropy allowing nanoparticles to rotate due to the rotational brownian motion. From this temperature on, both systems become magnetically equivalent, where all the easy magnetization axes point randomly in space. Figure 2 shows the reduced magnetization m as a function of the external magnetic field h for two similar systems, but different cooling processes. In the first case, represented by the cross symbols, the system was cooled below T 0 (t = 0.33) in the presence of a strong magnetic field h = 20, from t = 0.55 to t = 0.01. In the second case the system was cooled below T 0 in a zero magnetic field, which is represented by the squares. We note a clear difference between the two hysteresis curves. The system cooled in a strong field keeps the easy magnetization axes partially aligned to the field, which results in larger coercive fields when compared to the system cooled in the absence of a field, in which the directions of the easy axes are completely randomly distributed.
The applied field during the cooling process causes the rotation of the nanoparticle, and this is the reason that we observe the alignment of the magnetization easy axes. The alignment is not complete because T R is roughly three times larger than the blocking temperature of the system, as can be seen in Fig. 1 . However, the alignment is sufficient to change the magnetic properties of the system. This feature is in agreement with the experimental result [2] .
In Fig. 3 , we show magnetization curves, when the system is cooled from high temperature, t = 0.52 > T R to t = 0.42 < T R , in the presence of an external magnetic field h, then to t=0 in zero field. The field is turned off at t = 0.42, which is larger than t b , so the magnetic moments can cross the energy barriers, and the system can relax to very small values of the magnetization. However, as the system is already immobile, their magnetization easy axes can not rotate leaving the system with a partial alignment dependent on the applied field h. We note in Fig. 3 that the blocking temperature does not depend on the system alignment, however, the maximum value of the magnetization depends on the applied field during the cooling process, and after we reach the temperature T R , all the curves have the same behavior as a function of temperature. . We use the following set of parameters: σ = 0.25, k uc = 2 and viscosity η. During the heating process we apply a small magnetic field h = 0.5. The error bars are smaller than the size of the symbols, and the lines serve as a guide to the eyes. Figure 4 shows experimental magnetization curves for different values of the field applied during the cooling process. The system is similar to the one presented in Reference [2] . Qualitatively, the simulations shown in Fig. 3 and the experimental results agree very well. The reduced magnetization as a function of the computational time (t c ), measured in Monte Carlo steps (MCs), for different temperatures, is shown in Fig. 5 . In this case we have discarded the first 400 M Cs, because in this time interval the Néel relaxation is dominant. The dashed black line is the fitting performed on the relaxation curves using the equation
where M 0 is a quantity related to the magnetization of the system after 400 M Cs and τ B is the Brown relaxation time. We consider the following temperatures: t = 0.456, t = 0.458, t = 0.460, t = 0.462, t = 0.464, and t = 0.466. From the fitting of these curves using eq. 4, we obtain the values of τ B as a function of the temperature. The behavior of the quantity | cos(θ)|, where θ is the mean angle made by the easy axis with the direction of the applied field, as a function of the number of Monte Carlo steps is shown in Fig. 6 . At high temperatures and after a long time, the value of | cos(θ)| reaches a minimum of around 0.55. This value is close to that expected for a completely random system, where | cos(θ)| = 0.50. In the figure the dashed line is the fitting employing the eq. y = C 0 exp(−t c /τ B ), where C 0 is related to the initial value of | cos(θ)|. We also found values of τ B from the relaxation of | cos 2 (θ)|, and the values of τ B determined from this quantity, | cos(θ)| and m are compared in Figure 7 . In previous experimental studies [2] m was assumed to be proportional to | cos 2 (θ)| but from Fig. 7 , though the values of τ B determined from all the different quantities are similar, the values determined from m are closer to those determined from | cos(θ)| than those determined from | cos 2 (θ)|. Figure 7 . Determination of τ B as a function of the reduced temperature, using three different procedures, as indicated in the figure.
